INTRODUCTION

Perovskites containing Mn in mixed Mn
3+ /Mn 4+ oxidation states have been the focus of much attention owing to their ability to display large negative magnetoresistance effects upon application of magnetic fields of the order of several tesla (1) . In recent years, however, increasing research efforts have been concentrated on low-dimensional structural variants, following the discovery of similar magnetotransport effects in La MnO 3.5 , with the intention of subsequently using controlled fluorine insertion reactions to achieve oxidation states between Mn 3+ and Mn 3.5+ . The oxygenated phase Sr 2 MnO 4 has a body-centered tetragonal structure and has been studied extensively to date (5, 6) . Kriegel et al. (7) and Kriegel and Feltz (8) have produced a reduced phase Sr 2 MnO 3.84(70.05) which is reported to contain the oxygen vacancies in the ''MnO 2 '' layers (equatorial positions) in a disordered array. The magnetic structure of Sr 2 MnO 4 , as reported by Bouloux et al. (9) , is analogous to that of K 2 NiF 4 . The magnetic unit-cell shows a doubling along the a-axis, with the magnetic moments parallel to the c-axis exhibiting antiferromagnetic (AFM) ordering with T N ¼ 170 K. This contrasts with the magnetic structure of Ca 2 MnO 4 (10) where the c-axis was doubled for the magnetic cell. A related double-layered oxygen-deficient strontium manganite, Sr 3 Mn 2 O 6.55 has been reported by Mitchell et al. (11) . This Ruddlesden-Popper structure also has the oxygen defects located in the equatorial ''MnO 2 '' layers, but again, similar to Sr 2 MnO 3.84 , these vacancies are found to exist in a disordered manner.
The synthesis of Ca 2 MnO 3.5 has been reported by Leonowicz et al. (12) and its defect structure has been studied by neutron diffraction. The phase crystallizes with orthorhombic symmetry in the space group Bbcm with lattice parameters, a ¼ 5:30 ( A; b ¼ 10:05 ( A; c ¼ 12:23 ( A. The oxygen vacancies form an ordered arrangement in the perovskite block layers to give an equivalent structure to the defect perovskites SrMnO 2.5 (13, 14) and CaMnO 2.5 (15) consisting of corner connected MnO 5 square-based pyramids. In these isostructural phases, the manganese ions are in square pyramidal co-ordination, and are subject to AFM coupling with three neighboring Mn 3+ ions, and ferromagnetic (FM) coupling with two others. Figure 1 shows the crystallographic structure of SrMnO 2.5 . In this paper, we show that the structure of Sr 2 MnO 3.5 contains Mn-O layers with a different ordering pattern to that reported previously for layers with the same overall composition, MnO 1.5 . As a result of the different packing of the square pyramidal MnO 5 units, a new magnetic structure is formed below the N! eel temperature.
EXPERIMENTAL
The oxygen-deficient phase Sr 2 MnO 3.5 was prepared via standard solid-state reaction using a stoichiometric mixture of high-purity Mn 2 O 3 and SrCO 3 . A 2% excess of SrCO 3 was required to yield a single-phase sample. The powder sample was pressed into a pellet and heated in N 2 gas at 13501C for 24 h, with one intermediate grinding. This ''as-synthesized'' sample was oxygen-deficient Sr 2 MnO 3.64(1) but this could be further reduced upon low-temperature annealing in a mixture of H 2 /N 2 gas (10% H 2 /90% N 2 ) at 5501C for 8 h. This produced the pure Mn 3+ material, Sr 2 MnO 3.5 . X-ray powder diffraction (XRPD) data were collected using a Siemens D5000 diffractometer (monochromated CuKa 1 radiation source, position sensitive detector, transmission mode). Neutron powder diffraction (NPD) patterns were recorded on the high-resolution powder diffraction diffractometer D2B at Institut Laue-Langevin, Grenoble (wavelength 1.594 ( A, Ge monochromator). Rietveld structural refinements were carried out using the GSAS (16) package. Electron diffraction was performed with a Philips CM20 microscope. The magnetic susceptibility of the sample was measured using a Quantum Design SQUID Magnetometer. Both zero-field-cooled (ZFC) and field-cooled (FC) measurements were carried out under an applied field of 1 T. Thermogravimetric measurements were recorded on a Rheometric Scientific STA 1500 Simultaneous Thermal Analyser.
RESULTS AND DISCUSSION
Structural and magnetic data were collected on the sample with stoichiometry Sr 2 MnO 3.64 , since it proved difficult to obtain large homogeneous samples of Sr 2 MnO 3.50 suitable for NPD studies. XRPD data were consistent with previous reports of the related oxygenated phase Sr 2 MnO 4 , which suggested the phase to be bodycentered tetragonal, space group I4/mmm. The lattice parameters, a in RP phases with competing FM and AFM interactions within the layers (17, 18) , which may result from a mixed Mn 3+ /Mn 4+ oxidation state. Neutron diffraction was used to examine the defect structure more thoroughly. All further refinements discussed were performed on NPD data. Rietveld structural refinement based on the 300 K data revealed that the space group I4/mmm was unable to provide acceptable agreement between the observed and calculated profiles. In the NPD profile collected at 2 K, low-intensity additional peaks indicated the presence of magnetic ordering. However, these could be indexed only using a very large cell, which would be inconsistent with the magnetic ordering expected for a simple disordered model based on I4/mmm. A more complex structure was implied and crystallites were, therefore, subjected to an electron microscopy examination.
Electron diffraction (ED) studies clearly revealed a superstructure (Fig. 4) 
The a t b t tetragonal plane, therefore, becomes the bc plane in the monoclinic supercell. Rietveld structure refinement based on various plausible distributions of the oxygen vacancies showed that only one arrangement appeared consistent with such a large unit-cell in the bc plane, ca. 10 Â 10 ( A. The arrangement, which corresponds to P2 1 =c symmetry, is similar to that seen for the ordered perovskite SrMnO 2.5 (5.43 Â 10.86 Â 3.84 ( A; space group Pbam). The refinement gave a good fit using this model with a 36-point interpolated background and a pseudo-Voigt profile function, with reduced w 2 ¼ 4:228; R wp ¼ 4:44%; R p ¼ 3:32%: For comparison purposes, the refinement using the tetragonal space group I4/mmm resulted in w 2 ¼ 13:50; R wp ¼ 5:75%; R p ¼ 8:02%:
Hamilton reliability tests (19) confirmed that the improvement of fit on moving from I4/mmm to P2 1 =c is statistically highly significant. Refined parameters and Mn-O bond lengths are given in Tables 1 and 2 4 . In addition, full decomposition was also carried out in a mixture of 10% H 2 /90% N 2 at 10001C to form SrO and MnO. To avoid correlation effects, the temperature factor for O(4) was fixed at a sensible value. The temperature factors for two atoms were slightly negative and were therefore constrained to zero. Figures 5 and 6 show the relationship between the tetragonal and monoclinic sub-cells and the defect structure of the layers in the stoichiometric Sr 2 MnO 3.5 . Although similar to SrMnO 2.5 (compare Figs. 1 and 6 ), the structure consists of elongated pseudohexagonal channels in the layers. This is the first-known example of a structure of this type. Due to the broad nature of the maximum in the magnetic susceptibility plot, it is possible that the 300 K NPD data contain a very small magnetic contribution. Given the weak intensity of the magnetic reflections at 2 K, as described below, the presence of magnetic effects was considered to be fairly insignificant, but could possibly have a small effect on the thermal parameters.
Data collected at 2 K show the appearance of small low angle peaks, attributed to the AFM ordering of the phase. Although most of these additional peaks could be indexed on the nuclear monoclinic cell, no simple AFM structure could account for the intensities of these peaks. A magnetic model was therefore sought using the Kanamori-Goodenough rules (20) to predict the dominant exchange interactions. The Mn 3+ ions have the electronic configuration t 3 2g e g ðdz 2 Þ 1 ; and the magnetic exchange between adjacent square-based pyramids can be ascertained by the interactions between the singly occupied dz 2 orbitals, and the perpendicular, empty dx 2 À y 2 orbitals. This leads to the prediction of FM exchange when a connecting oxygen anion links a dz 2 orbital with a vacant dx 2 Ày 2 orbital, and an AFM alignment upon interaction of two dz 2 orbitals. Hence, the intralayer magnetic structure was deduced as clusters of four ferromagnetically aligned moments, which are arranged antiferromagnetically to other clusters within the perovskite block layers, as shown in Fig. 7 .
Some of the magnetic peaks required doubling of the nuclear unit-cell along [100] implying a predominantly AFM interlayer exchange interaction. The most intense peak which indicated doubling along the a-axis was the ½ 1 2 ; 1; 0 at 2yB11:21: The intralayer magnetic structure shown in Fig. 7 with AFM order between the layers in the [100]-direction provided a very good fit to the magnetic NPD observations. However, it was clear that the magnetic moments are not simply aligned along the axis perpendicular to the Mn-O layers, as is normal in tetragonal n ¼ 1 RP phases. The low intensity of the magnetic peaks introduces some uncertainty as to the precise magnetic order, but the best agreement was achieved with a tilting of the moments in adjacent layers as shown in Fig. 8 . The refined Mn magnetic moment is 2.8(1) m B and is directed at an angle of 27(3)1 to an axis perpendicular to the layers. This direction is close to the monoclinic a-axis. The magnetic structure can be attributed to the unique intralayer order, and may be rationalized by the existence of competing interlayer interactions, which cannot be satisfied by a simple co-linear arrangement. The Rietveld plot is shown in Fig. 9 and refined parameters and Mn-O bond lengths are given in Tables 3 and 4 . The refinement converged to w 2 ¼ 5:237 with reliability factors R p ¼ 3:76% and R wp ¼ 4:97%: Some of the metal ion temperature factors were fixed at zero since they adopted slightly negative values when unconstrained; the partially occupied O(4) site was fixed at a reasonable value, as for the 300 K refinement. The implied stoichiometry, Sr 2 MnO 3.60 , again agrees well with the analytical value. Although the w 2 values for the refinements are slightly higher than are sometimes achieved, they are considered acceptable for such a complex structure using a model which clearly represents only an average structure owing to the partial occupation of the O(4) site. 
SUMMARY
The single-layered phase Sr 2 MnO 3.5 crystallizes with the oxygen vacancies forming an ordered array in the ''MnO 2 '' layers of the perovskite block. Although the defect structure formed can be compared with that found in the oxygen-deficient perovskite SrMnO 2.5 and the analogous Ca 2 MnO 3.5 , the vacancies order to give a new type of structure of corner connected Jahn-Teller distorted MnO 5 square-based pyramids. Sr 2 MnO 3.5 orders antiferromagnetically below 280 K and the magnetic structure contains FM clusters aligned antiferromagnetically to each other within the perovskite block layers. 
